In this paper we present a new approach to model the effect of virtual channel multiplexing in high-speed interconnection networks. Previous studies have used a method proposed by Dally to model the effect of virtual channel multiplexing. His method is based on a Markov process and loses its accuracy as the traffic increases because of the blocking nature of the wormhole-switched networks. Our new approach is based on a finite capacity queue, M/G/1/V. Beside the accuracy that it achieves under low, moderate and high traffic, a main advantage for our new approach is also the simplicity of adapting it to work with different traffic conditions and network setups. The new approach is validated by means of an event driven simulator and a detailed comparison with Dally's approach is presented.
INTRODUCTION
Wormhole switching [7] has become the dominating switching technique used in contemporary multicomputers and more recently in clusters [8] and system area networks [14] . This is because it requires minimum buffer space and it makes message latency almost independent of the message distance in absence of blocking. In wormhole switching, a message is broken into flits (few bytes each) for transmission and flow control. The header flit (the only flit that contains routing information) governs the route and the remaining data flits follow in a pipelined fashion. If the header flit is blocked, the data flits are blocked in situ.
As network traffic increase, messages may experience large delay to cross the network due to chains of blocked channels. To reduce the blocking delay, the flit buffers associated with a given physical channel are organized into several virtual channels [2] , each representing a "logical" channel with its own buffer and flow control logic. Virtual channels are allocated independently to different messages and compete with each other for the physical bandwidth. This de-coupling allows messages to bypass each other in the event of blocking, using network bandwidth that would otherwise be wasted. Adding virtual channels to wormhole-switched networks greatly improves performance because they reduce blocking by acting as "bypass" lanes for non-blocked messages. Figure 1 illustrates the use of virtual channels as bypass lanes. The concept of virtual channels has also been exploited to develop deadlock-free routing algorithms [3] . A routing algorithm specifies how a message selects its network path. Dealing with deadlock situations, that is when no message can advance towards its destination due to blocked channels, is a critical requirement for any routing algorithm. Deterministic routing [7] has been widely deployed in existing multicomputers because it is simple to implement and requires minimum number of virtual channels [9, 15, 16] . However, messages with the same source and destination addresses always follow the same path. As a result, they can not take advantage of the alternative paths that a topology may provide to reduce latency and avoid faulty links. In the other hand, many adaptive routing algorithms have been proposed where a message can use any of the available alternative paths between a given pair of nods to advance towards its destinations [5, 6] .
Many analytical models have been proposed to evaluate the performance merits of different routing algorithms in multicomputers [1, 10, 11, 12, 17, 18, 19] . Almost all of these models have used a method proposed by Dally [2] to capture the effect of virtual channel multiplexing in the network. The method proposed by Dally is based on a Markov process and although it is useful in some cases, it loses its accuracy as network traffic increases. This paper proposes a new general method for modelling virtual channel multiplexing based on finite capacity M/G/1/V queuing system. The new method can The rest of this paper is organized as follows. Section 2 briefly explains Dally's method of virtual channel multiplexing and shows its relation to M/M/1 queuing system. Section 3 is devoted to development of the new general model. In section 4 we validated the new model and presented some experimental results. Finally, we conclude the study in section 5 and present some future directions.
DALLY's METHOD
In Dally's original paper [2] , the average degree of virtual channel multiplexing (the multiplexing factor), V is given by equation (9) in [2] and is equal to
where V is the total number of virtual channel used per physical channel and v P is the probability of v virtual channels being busy. Dally determined v P using a Markov process [2] , shown in figure 2 
After some manipulation of the above equations, v P can be rewritten as
This is exactly the probability of the number of customers in an M/M/1 queuing system [], hence lemma 1 proven. ■ By virtue of lemma 1, Dally's method of calculating the probability of busy virtual channels is now reduced to the calculation of the number of customers in an M/M/1 queuing system. This approach is accurate under low traffic where the performance measures of M/M/1 queue do not deviate too much compared to other queues. However, as the traffic increases the blocking nature of the wormhole-switched networks interrupts the service time at each switch and the service becomes more general rather than exponential as in the M/M/1 queuing system. This explains the degradation of the accuracy of the analytical models that are based on Dally's method under moderate and high traffic.
A NEW GENERAL METHOD
In this section we propose a new general method for calculating v P . The probability, v P , that v virtual channels at a given physical channel are busy, is the same across all network
channels, and can be determined using the distribution of the number of customers in an M/G/1/V queuing system,
The arrival rate is assumed to be exponentially distributed with a mean of c λ messages received by each physical channel and the service time is generally distributed. The queue size is set to be equal to the number of virtual channels per physical channel; V. Table 1 lists all the notations used in the model. The fact that the service time is general gives us the freedom to either assume will-known service time distributions or to approximate it using approximation methods. This gives the model the flexibility to be adapted to different network and traffic conditions and hence more accurate results.
Figure 3: (a) Three busy virtual channels corresponds to (b)
Three customers in the M/G/1/V queuing system: two in the queue and one being serviced
As illustrated in figure 3 , when there are v customers in the system this corresponds to v virtual channels being requested. The probability that v virtual channels are busy,
, is the probability of v customers in the system (including the one on service). Hence we can write
For the paper to be self contained we now briefly present the derivation of the distribution of the number of customers in M/G/1/V queuing system according to Takaji [20] . The 
where
is the probability that v customers arrive during the service time which is expressed as the probability density function (pdf),
The important thing about our approach is the simplicity of adapting it to fit different network conditions and traffic loads by only changing the pdf of the service time in equation (14) . However, when the knowledge of the service time distribution is not available, we still can use the new approach straightforwardly by trying to approximate the service time distribution.
Kleinrock [13] has shown that any distribution function can be approximated as closely as desired by a series-parallel stagetype of exponential distributions. This approach has been widely used to approximate the distribution of complex functions that knowledge of them is not available.
We propose the following approximation based on the squared coefficient of variation of the service time, Now we have an approximated distribution for the service time that can be used in equation (14) and hence the probability of busy virtual channels is calculated using equation (8) .
It should be mentioned that, the two moments matching requires knowledge of the variance of the service time, 2 S σ . Finding the exact expression of 2 S σ is a difficult and complex task since this depends on several parameters. Furthermore, given that we are driven by the requirement for analytic simplicity as well as the desire of versatility and practicality, we can use the simple approximation suggested by Draper and Ghosh [4] for computing the variance of the service time. Since the minimum service time at a given channel is equal to the message length, M, the variance of the service time can be approximated as 2 2 ( )
EXPERIMENTAL RESULTS
There have been many analytical models in the literature that employed Dally's method to capture the effect of virtual channel multiplexing. In [17] , Ould-Khaoua presented an accurate analytical model for Duato's fully adaptive routing algorithm [5] and employed the Dally's method [2] for virtual channel multiplexing. For the purpose of illustration and comparison, in this section, we will amend the model presented in [17] with our new approach and compare it with Dally's method. The implementations of both methods are identical except for the calculation of the probability of busy virtual channels. This is to make sure that the differences are due to the different methods of calculating the degree of the virtual channel multiplexing. Appendix (I) contains a list of all the notations used in the model.
Furthermore, we will keep the same assumptions as in [17] , which are outlined bellow for the purpose of completeness:
1) Message destinations are uniformly distributed across the network nodes.
2) Nodes generate traffic independently of each other and according to a Poisson process with mean rate of g λ messages per cycle.
3) Message length is fixed at M flits, each of which requires one-cycle to be transmitted from one router to another. Moreover, a message is long enough so that its data flits span from the source to the destination.
4) The local queue at the injection channel in the source node has infinite capacity. Messages at the destination node are transferred to the local PE as they arrive.
5) V (V>2) virtual channel are used per physical channel. In Duato's routing algorithm [5] , class a contains (V-2) virtual channels, which are crossed adaptively, and class b contains two virtual channel, which are crossed deterministically (e.g. in an increasing order of dimensions). Let the channels in class a and b called adaptive and deterministic virtual channel respectively. When there is more than one adaptive virtual channel available, a message chooses one at random. Even though there are two deterministic virtual channels, a message can use only one at a time.
As we mention earlier, we keep the same implementation for both models except for the calculation of the probability of busy virtual channels. The model in [17] calculate the probability of busy virtual channels based on Dally's method by using (2) and (3) or alternatively, as we showed, by using (6). However, as the injection rate increases, the model based on Dally's approach starts to deviate from the simulation results. Meanwhile, the model that is based on our new general approach continues to match the simulation results as the network approaches the saturation point. However, some discrepancies are still apparent due to the approximations made to ease the derivation of the model. Namely, the approximation we made to determine the variance and the approximation of the service time as Erlang distribution. Nevertheless, it can be concluded that our new general approach of calculating the probability of busy virtual channels is, in one hand, more accurate than Dally's method under different traffic loads, and on the other hand, it can be customized to fit different traffic and network conditions by using different distributions for the service time.
CONCLUSIONS
Almost all previous analytical models developed to assess the performance of wormhole-switched networks, employed a method presented by Dally. Dally's method is accurate only under light traffic and degrades significantly as the traffic increases. In this study, we proposed a new general model to capture the effect of virtual channel multiplexing. Our model is based on an M/G/1/V queue instead of a Markov process as opposed to Dally's. We showed that Dally's method is equivalent to finding the queue size distribution of an M/M/1 queuing system. This explains the accuracy degradation of analytical models based on Dally's approach especially under moderate and high traffic. Beside the accuracy that it achieves under low, moderate and high traffic, a main advantage for our new approach is also the simplicity of adapting it to work with different traffic conditions and network setups by changing the pdf of the service time distribution. Furthermore, a two-moment approximation is presented to be used when only the first two moments of the service time is available. 
